Water circulation in the peat bog of a maar depression in the Massif Central (France) was traced with 10 lithium isotopes on water samples collected in the area from springs, surface-and groundwaters, as 11 well as on solid samples taken from peat bogs.
-Introduction 34 35
A wetland is an area covered at least part-time by usually quite shallow water. Wetlands can 36 be natural or artificial, permanent or temporary, and the water in them can be static or 37 flowing, and fresh, brackish or salty. Wetlands form where water collects in a low-lying area 38 with poor drainage. The water filling a wetland can have many origins: precipitation is a 39 major source of water for many wetlands, but others are maintained by water that periodically 40 overflows from rivers, lakes, etc., whereas a third source of water for wetlands is 41 groundwater. All three sources generally deliver water to wetlands in regular cycles, based on 42 the natural cycle of water through the hydrosphere. It is also worth noting that understanding 43 the hydrology of a wetland is primordial for efficient flood control, paleoclimate analyses, 44 and studying its role in the overall ecology. 45
The present study investigates the use of Li and its isotopes as a proxy of ground-to-surface 46 water exchanges in a peatland from a mire-lake complex in the French Massif Central, as the 47 capability of Li isotopes as hydrogeological tracers was earlier demonstrated by Hogan and 48 Blum (2003) . As one aim of the work was to determine geochemical constraints on the 49 hydrological functioning of a peatland, our primary objective was to constrain hydro-reservoir 50 signatures and the exchanges of water and solutes with adjacent ground and uplands. One 51 particularly important aspect of this work was to evaluate the mechanisms of water and solute 52 transfer between the reservoirs by applying Li as a new isotopic tracer. 53
Lithium has two stable isotopes of mass 6 and 7, with natural abundances of 7.5% and 92.5% 54 respectively. Lithium is a mobile element that tends preferentially to go into the fluid phase 55 during water/rock interactions. The relative mass difference between the two isotopes is 56 considerable at 17%, generating significant mass-dependant fractionation during geochemical 57 processes. The range of variation in lithium-isotope compositions is more than 50‰ in 58 geological materials (see Coplen et al., 2002; Tomascak, 2004 Here, we present the first results of Li and its isotopes in all reservoirs of a peatland 72 (groundwater, surface water, rainwater, wastewater, and solid peat samples) in order to 73 evaluate the potential of Li isotopes as effective tracers of the connections between ground-74 and surface waters in a wetland. We also explore the role of groundwater in supplying 75 surface-water output from a peatland, using Li isotopes as a new probe for such 76 characterization. 77
-General setting
The Narces de la Sauvetat peatland is located in the French Massif Central, which is the main 80 volcanic province in France (Brousse and Lefevre, 1990) and the largest magmatic province 81 of the West-European Rift system (Michon and Merle, 2001) . Alkali basaltic volcanism is 82 widespread in the Massif Central, occurring as numerous small centres clustered into several 83 fields ( Fig. 1 ). The Narces de la Sauvetat peatland occupies a maar depression with lapilli tuff 84 deposited on the flanks (Boivin and Gourgaud, 1978), one of the biggest maars in the Velay in 85
The site survey was carried out during one year, with a complete sampling of all selected 111 points once a month (Fig. 1 ). The piezometer wells were pumped before sampling when 112 approximately twice the well volume was removed before water sampling, the key parameter 113 being the stability of electrical conductivity. Surface-and ground-water samples were 114 collected in polyethylene bottles and separated into aliquots. Two of these were filtered 115 through pre-cleaned 0.45 µm acetate filters using a pre-cleaned Nalgene filter apparatus; the 116 filtrate of one of the aliquots was further separated into two additional aliquots (100 and 117 1000 ml). The latter was acidified with Suprapur HNO 3 (pH ~ 2) and stored in pre-cleaned 118 polyethylene bottles for major-cation analysis and lithium-isotope and Li-content 119
determinations. 120
For the Li-isotope investigation, groundwater samples from Q1 and -Q2 were analysed for 121 eight months (June to November, January and April), spring waters from S1, S5 and S6 were 122 analysed once (August), wastewater was analysed once (June) and surface water (R1) was 123 analysed for six months (June to November). 124
Solid samples of brown and black peat were collected near the two piezometers Q1 and Q2 125 (Table 1 ). Near Q1, three samples were collected at 0-0.6 m, 1 m and 2 m depth, and a further 126 three samples were collected near Q2 (at surface, 0.3 m and 1 m depth). The samples were 127 oven-dried at 70 °C and powdered prior to analysis. In order to obtain representative aliquots 128 for the analyses, the samples were homogenized, quartered and dry-sieved through a 65 µm 129 nylon mesh. 130
In addition, several samples of fertilizers (carbonaceous additives and NPK), carbonate matrix 131 (Mäerl) and agricultural additives (borax, Li-Cl, Li-OH) were collected and analysed for Li 132 contents and Li isotopes ( Table 2) . Carbonaceous additives consist either of fine white 133 powder or small grains (3-5 mm in size), while NPK consists only of small grains. The white 134 powder was directly dissolved in an HCl-HNO 3 mixture, but the small grains were first 135 crushed and then dissolved in HCL-HNO 3 at ambient temperature in the laboratory. 136
Methods

138
The water samples were analysed by ion chromatography for major ions (accuracy 5-10%), 139 by inductively coupled plasma mass spectrometry for Li (accuracy 5%), and by Gran's 140 method (HCl titration) for alkalinity (Négrel and Petelet-Giraud, 2005) . Measured Li contents and Li isotopes for peat samples and fertilizers are reported in Tables 1  182   and 2, Table 3 reports ground-and surface-water data from the Narces de la Sauvetat 183 peatland, and Table 4 reports surface-water data from previous work. 185 186 Lithium contents in the groundwater fluctuate strongly, between 0.014 µmol L -1 (S1, May 187 2007) and 28.260 µmol L -1 (Q2, July 2007) as shown in Table 3 . Two different sets of Li 188 contents are observed. The groundwaters in the peat bog display the highest content, over 1 189 µmol L -1 , but the Q2 piezometer showed higher Li contents than the Q1 one. Lithium-isotope compositions (δ 7 Li, ‰) are extremely variable in the site (Table 3) Among the spring waters, S1 (+60.5‰) and S5 (+47.1‰) have a relatively high δ 7 Li while on 202 the other hand, the S6 spring water has a slightly higher signature (+15.1‰) than that of the 203 peat outlet (+12 to +13.1‰) and a lower signature than that of the rest of the spring waters. 204
Ground-and surface waters
We suspect that the S6 spring may probably be connected to the surface water R1. 205 Wastewater (EU) has an enriched 7 Li value (δ 7 Li = +80.9‰). In contrast to spring water and 206 surface water, the groundwater in the peatland (Q1 and Q2) has singular δ 7 Li values, 207 extremely enriched in 7 Li, ranging from +961 to +1111‰ for Q1 and from +1189 to +1236‰, 208 for Q2. Such high isotopic values occurred for high Li contents during the survey, around 209 4.26 ± 1.96 µmol L -1 (mean value and standard deviation) for Q1 and an even higher mean 210 value in Q2 (17.69 ± 7.58 µmol L -1 ). 211
The time variation of Li content from May 2007 to April 2008 is shown on Figure 2a . Both 212 Q1 and -Q2 show a significant decrease in Li content, though, where for Q2 the decrease is 213 continuous, for Q1 the Li contents showed an increase/steady-state/decrease pattern. 214
Conversely, there is no evidence of time variation in the Li content of the R1 surface water. 215 Figure 2b illustrates the δ 7 Li variation during the same period and for the same sample set. Q2 216 varied little during the collection period with only 4% variation (between δ 7 Li = +1189 to 217 +1236‰), but the δ 7 Li for Q1 had a larger range, with a 14% variation (between δ 7 Li = +961 218 to +1111‰). The time variation in the Li isotope of the R1 surface water is low with only 8% 219 variation (between δ 7 Li = +12.0 to 13.1‰). 220
The peat 221
Six brown and black solid peat samples collected in the central part of the maar were analysed 222 for Li content and Li isotopes ( Table 1) . Near piezometer Q1 ( Fig. 1 Li shows a wide range of contents when plotted versus Cl (Fig. 3) , all samples plotting with 282
Bedrock, rainwaterand carbonaceous additives in fertilizers
Cl and Li contents clearly higher than those of rainwater, with the exception of the surface 283 water and groundwater from the springs in the peatland that have Li contents similar to that of 284 rainwater. Compared to rainwater, there is evidence of Cl input without Li input for these 285 samples, and it is very likely that this input may be related to fertilizers. For the groundwater 286 in the peat bog ( Q1 and Q2), the R1 surface water and the S6 spring water, there is another 287 source of Li than rainwater without a large Cl input, as illustrated by the lack of a direct 288 relationship between Cl and Li contents. 289
In addition, we can compare the Li with elements resulting from water-rock interaction such 290 as Na, a very soluble element in this process ( for surface sample R1 that plots close to the S6 spring waters. On the contrary, higher Li-Ca-296 HCO 3 contents are observed for groundwater in the peatland, with a significant relationship 297 for Q2 between Li and Ca, and between HCO 3 and Li for Q1 and Q2. Additionally, the 298 relationship in Q2 groundwater shows the lowest contents for the winter and spring samples, 299 while the highest ones are for the summer samples. This indicates the existence of a common 300 source for Li-Ca-HCO 3 in the Q1 and Q2 groundwaters, this source being more marked 301 during the summer season. The other spring-and waste-waters have low Li contents with 302 similar Ca contents, but lower HCO 3 contents. 303
To conclude, we found an input into the peat system of Ca, HCO 3 and, noteworthy, Mg, (not 304 shown) and an even larger one for Li. It is very likely that this input is related to the 305 application of carbonate amendments used for supplying Ca and Mg as the soils are too poor 306 for normal plant growth. More constraints will be added by the use of Li isotopes discussed 307 below. 308 309 310 It is obvious that the Li-isotope signatures of the dissolved load in surface-and ground-waters 311 are not simply inherited from water/rock interactions and rainwater input, as suggested by the 312 graph showing δ 7 Li versus Li contents (Fig. 5 ). All surface-and ground-waters have δ 7 Li 313 values higher than that of the bedrock, in agreement with the preferential incorporation of 6 Table 4 ). This constant signature is marked by a very low fluctuation of the Li content (mean 321 value and standard deviation of 0.39 and 0.04 µmol L -1 , respectively). The S6 spring water 322 has a slightly higher signature than that of the R1 surface water (+15.1‰) and a lower 323 signature than that of the rest of the spring waters. It is hydraulically not connected to the 324 peatland (same elevation as shown in Fig. 1 ) and its δ 7 Li is very close to that of the surface 325 water in the outlet, suggesting that groundwater like S6 may represent the largest input of 326 water to the river. 327
The enriched 7 Li signature in groundwater
The rainwater was analysed for Li near Clermont-Ferrand, a few kilometers distant from this 328 peat maar (Millot et al., 2010c), its range for δ 7 Li (+3 to +95‰) and Li content (0.004 -0.029 329 µmol L -1 ) shown in Figure 5 . Its contribution to the dissolved Li may be coherent with some 330 spring waters, even if the Cl content indicates a Cl-poor rain input (Fig. 3) . The rainwater 331 contribution is negligible for the peat-groundwater system and seems minor for the S6 spring 332 water and the R1 surface water, agreeing with other surface waters collected in the Massif 333
Central (Table 4) . 334
The large increase in Li content and δ 7 Li in the peat groundwater can be a priori related to 335 two main different mechanisms. The first could be related to fractionation processes by 336 organic matter in the system, though biological uptake and vegetation recycling do not 337 significantly affect Li isotopes in the soil. The non-influence of litter degradation on Li-338 isotope composition in soil is not surprising, as the Li concentration is a thousand times lower 339 in vegetation than in soil. Lemarchand et al. (2010) discussed a fractionation process by 340 organic matter that led to only a few tens ‰ of fractionation for Li isotopes. It is thus unlikely 341 that the 7 Li-rich values of groundwater could result from biological fractionation processes in 342 the system. 343
The second mechanism could be linked to a source effect with lithium enriched in 7 Li. 344
Lithium-6 is valued as a source material for tritium production and as a neutron absorber in 345 nuclear fusion. Natural lithium contains about 7.5 percent lithium-6 and large amounts of 346 lithium have been isotopically fractionated for use in nuclear weapons and thermonuclear fuel 347 stocks. Some of the material remaining from the production of lithium-6, which is depleted in 348 lithium-6 and enriched in lithium-7, is made commercially available, and some has been 349 values, but among the analysed fertilizers in this study only one carbonate amendment has a 361 real enriched lithium value (δ 7 Li over +200‰), reflecting the addition of 7-enriched Li in the 362 fertilizer manufacturing process, whose application may have an impact on the δ 7 Li signature 363 of the groundwater. 364
First evidence of the impact of the carbonate amendment application is given by major ions. 365
Reporting data using Li-normalized ratios (in order to avoid concentration effects in Fig. 6 for 366 Ca/Li vs. HCO 3 /Li) reveals trends between the peatland groundwater, the surface water and 367 the spring water that can be considered as mixing lines. Mixing of two solutions (a, b) with 368 different lithium-normalized ratios X/Li (X being Ca and HCO 3 in this case) will lead to a 369 mixed solution (i.e. "mix") that will have a X/Li ratio of: 370
where X/Li a , X/Li b and X/Li mix are the lithium-normalized ratios for the solution mix from 372 two end-members a and b, and m is the mixing proportion. 373
Two different mixing lines can then be calculated between the end-member EM1, 374
representing the application of carbonate amendment, the S6 spring water and other spring 375 waters. All groundwater samples from the peatland fall within these mixing lines, but EM1 376 has little impact on the surface waters as the samples deviate little from the S6 spring water. 377
The groundwater samples from the peatland clearly result from input of water from the spring 378 on the hill slope ("springs" in Fig. 6 ) inducing a dilution, the EM1 values reflecting 379 anthropogenic impact. However, the role of groundwater from the peatland on surface water 380 is not obvious when looking at the X/Li ratios, and constraints on Li isotopes will help 381 deciphering the functioning of the area. 382
To summarize, we explain the extremely enriched 7 Li signature of the groundwaters in the 383 peat land by an external input due to Ca-amendment used in local agriculture. 384 385 386 Application of δ 7 Li ratios to peatland waters provides a unique perspective on the 387 hydrogeochemical dynamics at the scale of this site. The groundwater from the peat (Q1 and 388 Q2), being Li-rich and with extremely enriched δ 7 Li values, seems to have no impact on the 389 hydrologic budget from peat to the outlet (e.g. the Fouragettes stream). The δ 7 Li values of 390 surface water (R1) are quasi constant throughout the survey, ranging between +12.0 and 391 +13.1‰, and moreover present non-enriched δ 7 Li values. Li-isotope contents in the peat 392 system seem to vary due to a source effect and the groundwater in the peatland can be 393 considered as a "spiked solution" that may, or may not, mix with the rest of the input (i.e. the 394 spring waters) for which the river can be considered as the output. 395
Groundwater circulation
The isotope systematics of two-component mixtures, described in detail by Faure (1986) and 396 where X/Li a , X/Li b and X/Li mix are the lithium normalized ratios for the solution mix from 401 two end-members a and b, δ 7 Li a , δ 7 Li b and δ 7 Li mix are the lithium isotope compositions, and 402 m is the mixing proportion. 403
In Figure 7 , the δ 7 Li versus Ca/Li ratios are plotted together with two mixing lines calculated 404 between the δ 7 Li-enriched/Li-concentrated end-member (EM1) with a low Ca/Li ratio and S6, 405 and the S1 and S5. It can be seen that the mixing line between EM1 and S6 could not be 406 invoked for explaining the range observed for Li isotopes of the peat groundwaters, as they 407 fall within the EM1-S1 and S5 mixing line. However, the surface waters are not included in 408 any mixing line as there is only weak variation in both the Ca/Li ratio and δ 7 Li values . This 409 result agrees with the functioning of the peatland, with water input from the hill area represented by S1 and S5 in addition to the impact of the amendment application. This 411 scheme induces dilution with a lower Ca/Li ratio and δ 7 Li values during spring and winter 412 (Figs. 2, 4 and 5) in the peatland groundwater. There is no evidence of different pathways 413 using Li-isotope mixing plots and the peat system seems to be well mixed with regards to the 414 Li isotopes. In addition to showing mixing between EM1 and S1 and S5 waters, the mixing 415 plots also show that surface water at the outlet seems to be only controlled by the input of 416 groundwater like S6. The groundwater beneath the peatland has distinct ratios from that 417 which discharges into the stream; this strongly suggests that groundwater in the peatland does 418 not play any role in supplying surface-water runoff and may evolve as a stagnant system, 419 being only diluted as the contents (particularly Li) show. 420 421 6 -Conclusions 422 423
The results are described for lithium-isotope compositions of spring-, surface-and ground-424 water samples collected in a peat bog located in the French Massif Central in a maar 425 depression. 426
Variations in δ 7 Li values can be used for distinguishing between precipitation, groundwater 427 and anthropogenic inputs in peatlands, providing a unique perspective on the hydrologic 428 dynamics of the system. The primary finding of this work concerns the existence of hugely 429 enriched values for δ 7 Li in groundwater from the peatland. Mixing relationships indicate that 430 most of the water in the peatland site derives from groundwater from the hill slope. Mixing 431 plots also show that the surface water at the outlet seems to be only controlled by input from 432 other groundwater bodies, and that groundwater in the peatland does not play any role in 433 supplying the surface water runoff and may evolve as a stagnant system. 434
This study highlights the possible role of Li isotopes as tracers of the surface-and ground-435 water circulation in a wetland. When evaluating the transfer of water and/or solutes in a 436 wetland, such complementary tracers of basic hydrogeology are highly important for 437 
